A crystal structure has been solved for an analog of the r(ApU) ribodinucleotide, r(Aso2U), where a bridging non-ionic dimethylene sulfone linker replaces the phosphodiester linking group found in natural RNA. Crystals of the single-stranded state of r(Aso2U) were obtained from water at 500C. In these crystals, one hydrogen bond is formed between bases from different strands and base stacking occurs in intermolecular 'homo-A' and 'homo-U' stacks. Similar to typical oligoribonucleotides, the ribose rings adopt N-type conformations and dihedral angles X are in the anti range.
INTRODUCTION
Analogs of oligonucleotides have attracted considerable attention in recent years, in part because they have potential use as antisense agents directed at DNA and RNA targets (1) (2) (3) . A large number of derivatives have been prepared where backbone atoms of oligonucleotides (mostly DNA) have been replaced to yield uncharged, non-hydrolizable analogs (4) . Structural information on non-ionic oligonucleotides is rare, however, despite the fact that a few of them (5,6) have been reported to bind more strongly to complementary strands than natural oligonucleotides.
We have been exploring the dimethylene sulfone unit as a replacement for the natural phosphodiester linker in deoxyoligonucleotides (7). This linkage is dipolar, yet non-ionic, consistent with solubility both in aqueous and lipid phases. It contains no stereogenic atoms, permitting oligonucleotide analogs containing the linker to be prepared without concern for diastereoisomerism, and is stable to degradation under acidic, basic and enzymatic conditions. Most importantly, removing the charges from oligonucleotides through a largely isosteric replacement offers new insight into the molecular recognition properties of natural nucleic acids.
Our recently developed streamlined synthesis of oligoribonucleotide analogs with bridging dimethylenesulfone groups (8) provided us with an entre to the structural chemistry of close analogs of RNA. The exploration of this chemistry appeared especially interesting to us, first, because RNA is known to be less conformationally flexible than DNA and, second, because RNA analogs have recently attracted increasing attention as antisense agents (9a,b), in part due to the increased stability of RNA-RNA duplexes compared with RNA-DNA duplexes (9c). In the course of our studies the self-complementary r(Gso2C) dimer crystallized at room temperature was found to form a Watson-Crick duplex (10) . We have now succeeded in trapping a singlestranded state of the analogous r(Aso2U) dimer 1 by crystallization at elevated temperature. Further information about single-stranded conformations of sulfone-bridged RNA was gained from NMR data of r(Uso2Cso2Aso2U) tetramer 3 dissolved in an aqueous solution with a high percentage of dimethylsulfoxide. The investigation of the conformational differences between these structures offers insight into molecular movements that most probably occur when these non-ionic oligonucleotides hybridize to complementary strands.
MATERIALS AND METHODS
General NMR spectra were recorded on a Varian, Gemini 300 spectrometer (300 MHz) and on a Bruker AMX 600 spectrometer (600 MHz). The Nagel (Duren, Germany) Nucleosil 10-CN column (250 x 22.5 mm) with a gradient of acetonitrile (85%) in water of 10-35% over 30 min. Retention time of the product 3 was 19 min. For NMR spectroscopy a 7 mM solution (0.5 ml) of 3 in DMSO-d6-D2O (3.5:1) was prepared and COSY, NOESY, ROESY and HMQC spectra were recorded (600 MHz) at 300 K.
The NOESY spectrum (Fig. 2) was acquired with a 100 ms mixing time. The residual solvent peak (HDO) was suppressed by 1.5 s low power (70 dB) presaturation; 1024 FIDs (a 32 scans) consisting of 4000 data points were recorded and zero-filled to 2000 (tl) and 4000 (t2). Peak assignment was achieved from analysis of the COSY spectrum and NOESY cross-peaks from H-6 of pyrimidines to H-5' and H-3' backbone resonances. A full description of the assignment and structure analysis will be published separately. 
RESULTS

Crystallization and X-ray analysis
A saturated solution ofdimer 1 in water was prepared at 66°C and placed in a small sealed tube. The temperature was lowered in 1.5°/day steps over 12 days. Crystal growth was first observed between 50 and 48°C.
A crystal (0.6 x 0.2 x 0.2 mm) was sealed in a glass capillary with a droplet of mother liquor and mounted on a four-circle diffractometer (Enraf-Nonius CAD4, CuKa). The space group is monoclinic P21 with unit cell dimensions a = 5.437 ( and Z = 4. The intensity pattern pointed to a higher symmetry and was compatible with space group orthorhombic C222 1. However, the corresponding cell transformation led to a unit cell with two angles clearly deviating from 900. Thus the crystal lattice displays strong pseudosymmetry and the conformations of the two independent molecules per asymmetric unit are consequently almost identical. A total of 4236 unique reflections were measured to a resolution of 0.9 A by the X scan method and 2118 reflections were observed above the 4aY(FO) level. No decay was observed during the measurement and data were corrected for Lorentz and polarization effects.
The structure was solved by direct methods using SHELXS-86 (11) and refined with SHELXL-93 (12) . The conjugate gradient option was used during the initial refinement cycles and bases were restrained to planarity. The positions of water molecules were determined from difference electron density maps. All atoms were refined anisotropically, and the positions of hydrogen atoms were calculated and refined with the riding option. Refinement was terminated at an R factor of 3.4% (unit weights) for all data with Fo > 4a(FO). The final asymmetric unit contains 86 heavy atoms including four solvent molecules (Fig. 1) . The coordinates will be deposited in the Cambridge Structural Database.
NMR of r(USo2CSo2ASo2U)
The synthesis of UCAU tetramer 3 (Scheme 1) is described elsewhere (8) . HPLC purification was performed on a MachereyThe dimethylene sulfone-linked r(Aso2U) dimer 1 was obtained from its protected precursor 2 by alkaline hydrolysis at 40°C in 61% yield (Scheme 1). The convergent synthesis of 2, which was obtained in 16 steps from diacetone glucose 4, N6-benzoyladenine (13) and uracil, is described elsewhere (8) . HPLC purification was performed at high dilution (-110 IOM average concentration in collected solutions) to avoid association.
Crystallization occurred at 50-480C while slowly cooling an aqueous solution of 1 saturated at 66°C. Several crystals grew rapidly and to sufficient size under these conditions, whereas at room temperature or 4°C only very small or bent crystals were obtained. These markedly changed crystallization properties at lower temperatures may be due to the transition to the duplex state.
The asymmetric unit of the crystal examined was found to harbor two r(ASo2U) units with almost identical conformations, along with four water molecules (Fig. 1) . Since the differences in the conformations of the two molecules are only very minor, their structural features will be discussed together. The backbone ofthe dimethylene sulfone-bridged dimer is in an all-trans conformation with the three angles 4, a and y differing significantly from those of standard A-RNA (Table 1 , see explanatory figure for definition of angles). This leads to an extension of the intra-strand base distance to -10 A, compared with the 3.4 A stacking distance in A-RNA. The conformation of the sugar rings in 1 is of the C2'-exo (N) type (Table 1 ). The dihedral angle defined by the planes of the two bases in the dimer is -130°. However, the orientation about the glycosyl bond is in the anti range with both nucleosides.
The bond distances in the bases and in the furanose rings are all in the expected ranges compared with natural oligonucleotides.
The backbone C-S bonds (1.70-1.81 A) are longer than the corresponding phosphodiester P-O bonds in the natural dinucleotides (-1.6 A). Further, the C3'-C3" and the C5'-C6' bonds are slightly longer (-0.1 A) than the corresponding C3'-03' and C5'-05' bonds in RNA. These differences in bond lengths might influence the helical parameters of a potential duplex, but do not prevent hybridization, as shown by the r(GSo2C) duplex (10) . In the crystal no pairing between bases involving more than one hydrogen bond is observed. Adenine and uracil rings are integrated in 'homo-A' and 'homo-U' stacks situated next to each other, with direct interactions between the adenine and uracil bases from adjacent stacks ( Table 2 ). N6 of adenine is hydrogen bonded to 04 of uracil (2.84 A and 2.90 A). In addition, a non-classical hydrogen bond (3.08 A and 3.02 A)between C8 of the same adenine base and 02 of a second uracil is suggested. The water molecules form hydrogen bonds to backbone and base atoms (Table 2 ) and the interaction modes are similar for the two intedpendent r(ASo2U) molecules. One water molecule is situated between the 2'-hydroxyl group and nitrogen N3 of adenosine, whereas the second water molecule forms a weak hydrogen bond to one of the two SO2 oxygens of the bridge. The second oxygen of the sulfone moiety is surrounded by hydrophobic groups only. A full list of observed hydrogen bonds in the crystal lattice (upper distance limit 3.5 A) is given in Table 2 .
The analysis of selected distance information gained from the NOESY spectrum of the r(Uso2Cso2Aso2U) tetramer 3 dissolved in a DMSO-D20 mixture at 27°C (Fig. 2) shows conformational characteristics in the terminal Aso2U part that are similar to the high temperature crystal structure of dimer 1 ( Table  3 ). The absence of an H-6-U/H-2'-A NOE indicates an extended backbone. Much stronger intranucleoside NOESY cross-peaks between uracil H-6 and H-5' compared with uracil H-6 and H-6'/H-6" point to a trans conformation for y. Furthermore, strong cross-peaks of H-6 (pyrimidines), H-8 (adenine) and H-3' ofriboses show that X is preferentially anti for all nucleoside units in the tetramer. Similarities in the chemical shift and signal multiplicities of the DMS0-D20 spectrum of 3 and the 1H-NMR spectrum of 1 in D20 at 37°C suggest a strong contribution of extended structures to the conformational equilibrium of 1 under physiological conditions. 3"1 Table 3 . Comparison of U-H6 distances (A) to selected protons in the X-ray structures of the r(Aso2U) dimer 1, in the r(Gso2C) duplex (10) and in the Aso2U part of the NMR structure of r(Uso2Cso2Aso2U) tetramer 3 in DMSO-D20 (3.5:1, 300 K)
Structure
Intranucleoside distance from pyrimidine H6 H-3' H-5' H-5" H-6' H-6" H-2'.Pua r(Aso2U) 3 2 .5-3.5 2.5-3.5 3.5-4.5 >45b,c 3.54.5b >4.5C NMR distances were estimated by classifying NOESY cross-peaks (Fig. 2) as strong (rij = 1.8-2.5 A), medium (rij = 2.5-3.5 A), weak (rij = 3.5-4.5 A). aAdjacent purine nucleoside.
bNo assignment of the diastereotopic protons was attempted.
cNo NOESY cross-peak observed.
DISCUSSION
The strucues obtained in this work can be compared with two other structures, those of the r(Gso2C) derivative ciystaized at room temperature (10) and of the natural r(ApU) dimer crystallized as the sodium salt at 4°C (14) . Both of these form Watson-Crick duplexes giving helix fiagments that are approximately of the A type. In contrast, r(Aso2U) crystaUllized at 50°C forms a single-stranded structure. It is intriguing to suggest thut the single-stranded structure (instead ofthe Watson-Crick duplex) is seen in the r(ASo2U) crystal because of the high temperature of crystllizion. The fact that crystals with a different macroscopic appearance are fonned when r(Aso2U) is crystallized at lower temperatues is consistent with this hypothesis. Further evidence comes from the conformation found in solution in a denatuing solvent mixture. In this solvent the conformational characteristics of r(ASo2U) incorporated in the non-complementary r(Uso2Cso2Aso2U) tetramer (3) resemble those of the high temperature X-ray crystal strucure in water ( Fig.  2 and Table 3 ). There also appears to be some conformational flexibility of the type needed to form a stacked Watson-Crick base pairing, as observed in the [r(Gso2C)]2 duplex. For example, moderately intense NOESY cross-peaks are observed between the base protons (H-8-A and H-6C) and the H-6%" backbone protons with the interal bases in the tetramer. This suggest that y is also to some extent gauche.
The crystal structure of 1 also suggests that the sulfone substitution has had the expected effect on lipophilicity. The more lipophilic nature ofthe backbone is reflected in a reduced hydration [two water molecules per r(ASo2U) compared with six in r(ApU) ; 14] . The findings that only one of the sulfone oxygens per dimer is involved in hydrogen bonding and that the other displays hydrophobic contacts are taken as an indication for both hydro- phobic and hydrophilic properties of the sulfone functionality. Hence, it may have the necessary characteristics for solubility in water and membranes and therefore facilitate cellular uptake. The extensive hydration of the 2'-hydroxyl groups in the case of the r(ASO2U) dimer indicates that this functional group contributes significantly to the increased solubility of the RNA sulfones (8) compared with their DNA counterparts (7).
The availability of crystal structures of a sulfone analog of RNA crystallized at high temperature as an unpaired single strand r(Aso2U) and at room temperature as a Watson-Crick duplex [r(GSO2C)]2 (10) allows one to infer the effects of duplex formation on the conformation of the extended backbone. The most striking difference between the single strand formed by r(Aso2U) and the Watson-Crick duplex formed by r(Gso2C) is the backbone torsion angles, which are rotated to trans conformations in the single strand (Table 1) , as expected from a model that minimizes steric interactions. Thus only a and £ adopt their typical A-RNA conformations in the single-stranded arrangement, but a, yand 4 are changed compared with the r(Gso2C) and natural r(ApU) duplex structures.
The second significant difference between r(ASO2U) and [r(GSO2C)]2 lies in the sugar puckers of the uncomplexed and complexed sulfones. In the single-stranded r(ASO2U) dimer the average pseudorotation angle is changed by -30°towards the 2'-exo conformation when compared with the [r(GSO2C)]2 duplex. Interestingly, several nucleotides in oligonucleotide structures display this 2'-exo pucker mode when y is trans (Table  4 ) (15-17). In close analogs or different crystal forms, however, where y adopts a different torsion angle, the sugar rings show the expected 3'-endo pucker (Table 4) . A comparatively short H-3' to H-5' distance in the y trans structures (2.35 A for U2 in 1) leads us to the assumption that a steric interaction between H-3' and H-5' is responsible for this phenomenon. 
aPseudorotation phase angle (18, 19) .
bThie letter p indicates a 3'-methylene phosphonate linkage.
Considering the large differences in a, y and 4 in the single-stranded sulfone compared with the duplex, it is interesting how simple it is to transform one conformation into the other. A single rotation around 4 by +1120 in the r(Aso2U) dimer yields a conformation where the bases could pair in a Watson-Crick sense, which is seen in the duplex-forming r(Gso2C) (Fig. 3) . Only minor adjustments in a and y are needed to get to a base-stacked 'ready for binding' conformation. A concerted a, y trans to gauche flip that leads to the A-RNA 'standard' binding conformation is conceivable. The rotation about 4 does not seem to be restricted by any detectable barrier greater than the CH-SO eclipsed maximum. Thus in solution these conformations should be easily accessible at room temperature.
Our results allay concerns that the atomic substitutions in the sulfone backbone may prevent the formation of a Watson-Cricktype double helix with a complementary strand. Further, conclusions can be drawn that may be valuable for the design of similar RNA analogs. First, replacement of the 3' and 5' oxygen atoms by CH2 groups, which do not exert a stereoelectronic effect, does not abolish the preference for N-type conformers in the ribose ring. Second, the transition from the unpaired to the duplex state seems to be critically influenced by the conformational state of 4 and its fixation may be an entropic advantage for hybridization. The latter conclusion is confirmed by the reported single-strand (20) and duplex structures (21) (20) .
The two dimethylene sulfone-bridged dimer structures are better amenable to this type of analysis, however, because the sulfones exist as the same single stereochemical isomer.
